From Dirac neutrino masses to baryonic and dark matter asymmetries 
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We consider an SU(3)' C x SU{2)' L x U(l)' Y dark sector, parallel to the SU(3) C x ST/(2) L x U(l) Y 
ordinary sector. The hypercharges, baryon numbers and lepton numbers in the dark sector are 
opposite to those in the ordinary sector. We further introduce three types of messenger sectors: 
(i) two or more gauge-singlet Dirac fermions, (ii) two or more [SU(2) L x 5'?7(2)' L ]-bidoublet Higgs 
scalars, (iii) at least one gauge-singlet Dirac fermion and at least one [SU(2) L x S!7(2)^]-bidoublet 
Higgs scalar. The lepton number conserving decays of the heavy fermion singlet (s) and/or Higgs 
bidoublet(s) can simultaneously generate a lepton asymmetry in the [SC/(2) L ]-doublet leptons and an 
opposite lepton asymmetry in the [5'?7(2)' L ]-doublet leptons to account for the cosmological baryon 
asymmetry and dark matter relic density, respectively. The lightest dark nucleon as the dark matter 
particle should have a mass about 5GeV. By integrating out the heavy fermion singlet (s) and/or 
Higgs bidoublet(s), we can obtain three light Dirac neutrinos composed of the ordinary and dark 
neutrinos. If a mirror symmetry is further imposed, our models will not require more unknown 
parameters than the traditional type-I, type-II or type-I+II seesaw models. 
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I. INTRODUCTION 

Various neutrino oscillation experiments have estab- 
lished the phenomenon of massive and mixing neutri- 
nos. To naturally understand the smallness of neutrino 
masses, we can consider the seesaw [l[ extension of the 
SU(3) C x SU{2) L x U{1) Y standard model (SM). In the 
conventional seesaw scenario [H-Q, the neutrinos have 
a Majorana nature which, however, has not been ex- 
perimentally verified. Alternatively, we can build some 
Dirac seesaw models to give the light Dirac neutri- 
nos. Usually, the Dirac seesaw needs more parameters 
than the Majorana seesaw. In the Majorana or Dirac 
seesaw context, we can obtain the cosmological baryon 
asymmetry throu gh the leptogenesis 0-Q or neutrino- 
genesis d, H, HHim mechanism. On the other hand, 
the dark matter relic density also indicates the neces- 
sity of supplementing the SM. It is intriguing that the 
baryonic and dark matter contribute comparable energy 
densities to the present universe [ItJ although they have 
very different properties. This coincidence can be ele- 
gantly explained if the dark matter relic density is an 
asymmetry between the dark matter and antimatter and 
has a common origin with the baryon asymmetry. There 
have been a lot of works studying the asymmetric dark 
matter scenario [18H451 ]. 

In this paper we shall propose a common genesis of 
the Dirac neutrino masses, the baryon asymmetry and 
the dark matter relic density. Specifically, we consider 
an SU(3)' C x SU{2)' L x U(1)' Y dark sector, parallel to the 
ordinary SM sector. The hypercharges, baryon numbers 
and lepton numbers in the dark sector are opposite to 
those in the ordinary sector. Besides the ordinary and 
dark sectors, there are three types of messenger sectors: 



(i) two or more gauge-singlet Dirac fermions, (ii) two or 
more [SU(2) L x SC/(2)y-bidoublet Higgs scalars, (iii) at 
least one gauge-singlet Dirac fermion and at least one 
[SU(2) L x SL/(2)'J-bidoublet Higgs scalar. Through the 
lepton number conserving decays of the heavy fermion 
singlet (s) and/or Higgs bidoublct(s), we can simulta- 
neously realize a lepton asymmetry in the [SU(2) L ]- 
doublet leptons and an opposite lepton asymmetry in 
the [5C/(2)^]-doublet leptons to account for the baryon 
asymmetry and the dark matter relic density, respec- 
tively. The lightest dark nucleon with a determined mass 
about 5 GeV can serve as the dark matter particle. The 
dark photon will become massive although the ordinary 
photon keeps masslcss. The kinetic mixing between the 
ordinary and dark photons can result in a testable scat- 
tering of the dark nucleons on the ordinary nucleons. Fur- 
thermore, we can get a tiny mass term between the ordi- 
nary and dark left-handed neutrinos by integrating out 
the heavy fermion singlet (s) and/or Higgs bidoublct(s). 
So, the ordinary and dark neutrinos can naturally form 
the light Dirac neutrinos. Finally, we can impose a mir- 
ror symmetry to reduce the parameters. In this case, our 
models will not contain additional parameters compared 
with the traditional Majorana seesaw models. 



II. THE ORDINARY AND DARK SECTORS 



We denote the ordinary quarks, leptons and scalars by 
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where the first and second numbers in parentheses are 
the dimensions of the SU(3) C and SU(2) L representa- 
tions, while the third ones are the U(1) Y hypercharges 
Y. Accordingly, we define the dark quarks, leptons and 
scalars as below, 



^(1,2,+1) 
6'(1,2,+1) 



4(3,l,+f), u' R (3,l,-l), 



e' R (l,l,+2) 



8' (1,1, +4), 



(2) 



where the first and second numbers in parentheses are 
the dimensions of the SU(3)' C and SU(2)' L representa- 
tions, while the third ones are the U(1)' Y hypercharges 
Y' . Like the hypercharges, the baryon or lepton numbers 
of the dark fermions are assumed opposite to those of the 
ordinary fermions. 

We then write down the Lagrangian of the ordinary 
and dark sectors, 



£ OD =£ OD +£ OD_^OD 



(3) 



Here the index "OD" is the abbreviation of "ordinary- 
dark" . The kinetic terms include 



/•OD 
>~K 



(D^(D^) + {D^{D»8)+iq Li pq Li 
+id R pd R + iu R pu R +il L pl L 
+ie Ri JZ>e Ri + W) + (D^(D^S') 

+iqlflq^ i +td R; pd Ri +iu R pu / R +illpl' L; 

+ie' R Be> 



^_(~<ci r^a^iv _!_T/l/ a Vif a t JLV 

— B — —C /a r ,,a ^ l/ — — W' a w' af * u 

^ F 4 F 4 

-B'B ,flu - -BR'*", 
4 ^ v 2 



where the covariant derivatives are given by 

-iffiy^ tg' 2 ^W' a S' 2 - ig' s ^G'-6' 3 with 
J 1 for SU{2) L doublets, 



(4) 



5, = 



5k 



for SU(2) L singlets; 

1 for SU(3) C triplets , 

for SU(3) C singlets; 

1 for SU(2)' L doublets , 
for SU(2)' L singlets ; 



(5) 



« _ J 1 for SU(3)' C triplets , 
3 ~ 1 for SU(3)' C singlets. 



We also read the Yukawa interactions: 

£° D = -(VcdijQL^d^ ~ : '.'/„ •',,'// <•'//,,. 

~{y e )i h&R ] ~ Vs8e R e c R - (y' d )i j q'L i 4>'d' R . 
-{y'uh^'uR. - (y' e y L /e' Rj 
-y s ,5'e' R e% + H.c, (6) 

and the scalar potential: 

+2A^ t #'V + 2X^^8' 
+2A^,Jt^V + 2X SS ,5U^5' . (7) 

The symmetry breaking pattern is expected to be 



SU(3) C x SU(2) L x U(1) Y 
SU(3)' C x SU(2)' L x U(1)' Y 



SU(3) C x U(l) e 

su(3)' c x u(iy e , 

SU(3)' C . (8) 



/em ' 

) 



For this purpose, the ordinary and dark scalars should 
develop their vacuum expectation values (VEVs) as be- 
low, 



(0) = 
(</>') = 








(S) = 0, 



(9) 



This means the ordinary photon 7 will keep massless 
while the mirror photon 7' will become massive. 

It is straightforward to read the fermion masses in the 
ordinary sector, 

C D -m d d L d R - m u u L u R - m e e L e R + H.c. with 
m d = Vd(4>) , rn u = y u {4>) , m e = y e {4>) , (10) 

and the fermion masses in the dark sector, 



C D -m d ,d' R d' L - m u ,u' R u' L - m e ,e' R e' L 

+H.c. with m d , = y d , ((/>') , m u , = y u , ((f>') 
«V = y e ,{4>') , 8m e , = y s ,(S') ■ 



L e' e R e R 



(11) 



The dark charged leptons should be the so-called quasi- 
Dirac fermions for Sm e , <C m p , . In the ordinary sector, 
the quark masses m u and m d are much smaller than the 
hadronic scale Aq CD so that they can only have a negli- 
gible contribution to the nucleon masses, 



1 GcV = m 



N 



(12) 



In the dark sector, the quark masses m u , and m d , may be 
sufficiently larger than the hadronic scale Aq CD , . In this 
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the fcrmion singlets can have a diagonal and real mass 
matrix: 



M 



jV 



diagjM^ , Mjv ....}. 



(19) 



i? 



FIG. 1: The type-I Dirac seesaw for generating the masses 
between the ordinary left-handed neutrinos u L and the dark 
left-handed neutrinos v' L . 



case, the dark nucleon masses can approximately equal 
to the sum of the dark quark masses, 



2m„ 



2m„ 



(13) 



As we will show in the following, our completed mod- 
els also contain a messenger sector. We will refer to £ M 
(with the index "M" being the abbreviation of "messen- 
ger") as the Lagrangian involving the messenger fields. 
Note that our models will not have any baryon or lep- 
ton number violating interactions except the SU(2) L and 



SU(2)' L sphaleron processes j46l |4 



III. THE MODEL WITH GAUGE-SINGLET 
DIRAC FERMIONS 



We then can define the Dirac fermions: 



Ni = Nj, + N'l 



(20) 



A. Dirac neutrino masses 

After the [S'J7(2) i ]-doublet Higgs scalar <fi and the 
[5f/(2)y-doublet Higgs scalar cj)' develop their VEVs, 
the ordinary and dark left-handed neutrinos as well as 
the gauge-singlet right-handed fermions will have a mass 
matrix as below, 



C D [ v L Ng ] 



o y N (<f>) 



N 



H.c. (21) 



We can block diagonalize the above mass matrix to be 



C D - [ v L N'i } 



m v 






. M N _ 




. N R. 



H.c. with 



W£) T _ i 

-Vn^tj — Vn> = m v ! 



M 



(22) 



iV 



In this sector, we will give the completed model with 
two or more gauge-singlet Dirac fermions. The La- 
grangian involving the fermion singlets (FSs) should be 



C M _ £ FS = 

with the kinetic terms: 



C 



Cl s = iN R @N R . 



iN' R . m 



(15) 



the Yukawa terms: 

£y S = -(y N y L ^N Rj - (Vn^I'l/K, + H.c. , (16) 
and the mass terms: 



£ F m s = -(M N ) tJ N' R c N R +H.c. 



(17) 



Here we have introduced two types of gauge-singlet right- 
handed fermions: 



N R (1, 1, 0)(1, 1, 0) with a lepton number + 1 , 
A^j(l,l,0)(l,l,0) with a lepton number -1, 



(18) 



where the first and second parentheses being the quan- 
tum numbers under the ordinary and dark gauge groups, 
respectively. Note that other gauge-invariant Yukawa 
and mass terms have been forbidden as a result of the lep- 
ton number conservation. After choosing a proper base, 



if the seesaw condition is satisfied, i.e. 



y N {4>), y N ,{4>') «M 



N 



(23) 



(14) This means the ordinary and dark left-handed neutrinos 
will form the light Dirac neutrinos v = v L + v'£, while the 
gauge-singlet right-handed fermions will form the heavy 



Dirac fermions N 



Nr 



Note that the Dirac 



neutrino mass matrix (|22p will have one nonzero eigen- 
value if there is only one gauge-singlet Dirac fermion. 
We thus need two or more gauge-singlet Dirac fermions 
to explain the neutrino oscillation data. Analogous to the 
usual type-I seesaw [l[ formula of the Major ana neutrino 
masses, we shall refer to the formula (|22|) of the Dirac 
neutrino masses to be the type-I Dirac seesaw. The rel- 
evant diagram is shown in Fig. Q] 



B. Ordinary and dark lepton asymmetries 

As shown in Fig. [21 the lepton number conserving 
decays of the gauge-singlet Dirac fermions N i can simul- 
taneously generate a lepton asymmetry in the [SU(2) L ]- 
doublct leptons l L and an opposite lepton asymmetry in 
the [5J7(2)^]-doublet leptons l' L , i.e. 



-Vl> OC £ N , 



(24) 
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FIG. 2: The lepton number conserving decays of the heavy gauge-singlet Dirac fermions TV^ = N R + in the type-I Dirac 
seesaw scenario. We need at leat two fermion singlets to generate a nonzero lepton asymmetry in the [5(7(2) i ]-doublet leptons 
l L and an opposite lepton asymmetry in the [SU (2)' L ]-doub\et leptons l' L . The CP conjugation is not shown for simplicity. 



Here the CP asymmetry can be calculated by 



r 



N. 



Illl 



{y N VN)ijhjN'yN')i 



N 



(25) 



with T N being the decay width: 



Tat. ~ F N , , 



" N,-tl' r a d>> — N?—>l c , 



AT P ->J' 



(26) 



We should keep in mind that at least two gauge-singlet 
Dirac fermions are necessary to induce a nonzero CP 
asymmetry. 

If the gaugc-singlct Dirac fermions have a hierarchical 
mass spectrum, i.e Mjy <C , we can simplify the CP 

* 3 

asymmetry ([23)) to be 



1 



Im 



(y N m ^y*N')n 



M 



(27) 



Similar to the Davidson-Ibarra bound in the typc- 
I Majorana seesaw scenario, the above CP asymmetry 
should have an upper bound: 



< 



< 



1 



Illl 



{yN m uV*N')i 



M 



8- 



1 1,,™™" 



Jtt (0) <</>') 



(28) 



Here m" lax is the maximal eigenvalue of the neutrino 
mass matrix m„. Alternatively, the CP asymmetry 
([25]) can be resonantly enhanced [9| if the gauge-singlet 
Dirac fermions have a quasi-degenerate mass spectrum, 
i.eM*. ~M& » |M& _-M% J. 



IV. THE MODEL WITH 

[S77(2) L x S'[/(2)' L ]-BIDOUBLET HIGGS SCALARS 

In this sector, we will give the completed model with 
two or more [SU(2) L x S'C/(2)' L ]-bidoublct Higgs scalars: 



S a (l,2,-i)(l,2,+i) = 



(29) 



Here the first and second parentheses stand for the quan- 
tum numbers under the ordinary and dark gauge groups, 
respectively. The Lagrangian involving the Higgs bidou- 
blets (HBs) should be 



C 



M 



c 



HB 



C 



HB 



C 



11 B 



V 



IIP) 



(30) 



where the kinetic terms include 



-HB 

-k 



Tr[(D^J(D^ a )} with 

D^ a = d^ a + i\ 9l B^ a - ig 2 T -±W a ^ a 

-i^B'^-ig'^JfW 1 ;, (31) 



the Yukawa couplings contain 



-HB 



-fJ L EJ'£ + H.c. 



(32) 
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B. Ordinary and dark lepton asymmetries 



k'0\ 



FIG. 3: The type-II Dirac seesaw for generating the masses 
between the ordinary left-handed neutrinos v h and the dark 
left-handed neutrinos v' L . 



From Fig. [H it is straightforward to see that the lep- 
ton number conserving decays of the [SU (2) L x SU{2)' L \- 
bidoublct Higgs scalars E a can generate a lepton asym- 
metry in the [5C/(2) L ]-doublct lcptons l L and an opposite 
lepton asymmetry in the [5C/(2)^]-doublct lcptons l' L , i.e. 



where e a is the CP asymmetry: 

r . — r 

J- V ,11/ -L V 1 * 



(37) 



(38) 



and the scalar potential is 

V HB = (A/|) ah Tr(SiS b ) + (A s ) Qbc(i Tr(St Sb )Tr(S]tE d ) 

+ [(A 5E ) o6 5t5+(A 5 , E ) a6 5't5']Tr(Sts 6 ) 
+p ^E ^*+H.c. (33) 

Without loss of generality, we can choose a base to take 

M| = diagjM^ , M| 2 , ...} , Pl = P \ , p 2 = P * 2 , ... (34) 

Note that the above Yukawa couplings and scalar poten- 
tial will exactly conserve the lepton number because the 
Higgs bidoublets E a don't carry any lepton numbers. 

A. Dirac neutrino masses 

After the [S't r (2) i ]-doublet Higgs scalar cf> and the 
[iSf7(2)^]-doublet Higgs scalar cf>' acquire their VEVs, the 
heavy [SU(2) L x 5C/(2)' L ]-bidoublet Higgs scalars S a can 
pick up the seesaw-suppressed VEVs: 



75«a 





with 



\/2M| 



< v,v' .(35) 



We hence can naturally obtain the light Dirac neutrinos 
composed of the ordinary left-handed neutrinos v L and 
the dark left-handed neutrinos v' L , i.e. 



C D —m v v L v'£ + H.c. with 



E< a 



(36) 



The above mechanism for the Dirac neutrino masses is 
very similar to the usual type-II seesaw @ for the Majo- 
rana neutrino masses. So, it may be named as the type-II 
Dirac seesaw. We show the relevant diagram in Fig. [3] 



with r s being the decay width: 



We can calculate the decay width at tree level, 



1 

Idtt 



M 



and the CP asymmetry at one-loop order, 

-E 

4tt ^ 



Im 


Tr( 


fb fa 




PbPa 


Tr 


[fUa 


\ , pl Ml - Ml 



(39) 



(40) 



(41) 



Note that at least two [SU(2) L x Si7(2)y-bidoublet Higgs 
scalars should be introduced to generate a nonzero CP 
asymmetry. 

Obviously, the above CP asymmetry can be reso- 
nantly enhanced if the [SU(2) L x S*[/(2)^]-bidoublet 
Higgs scalars have a quasi-degenerate mass spectrum, i.e 

In the hierarchical case 



Ml 



Ml 



with M| <C M£ , the CP asymmetry (|4"Tj) can be sim- 
plified by 



1 S Ma Im [Tr(mi Ib t TO ii°)] 



Ml 



^ Tr (/]/„ 
and then have an upper bound: 



< 



l>7, 



(0) 2 (</>') 



(42) 



m„ 1 to 



Ml 



8- 



a/I 



Tr (/]/„) 
E Ma Im [Tr(m™W^)] 



(0)2(0') 



< 



8?F ^(m^W^) 
1 M s m* I6max 



WW 



WW 



(43) 
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FIG. 4: The lepton number conserving decays of the heavy [SU(2) L x 5J7(2)^]-bidoublet Higgs scalars E a in the type-II Dirac 
seesaw scenario. We need at leat two Higgs bidoublets to generate a nonzero lepton asymmetry in the [5'(7(2) L ]-doublet leptons 
l L and an opposite lepton asymmetry in the [S(7(2)^]-doublet leptons l' L . The CP conjugation is not shown for simplicity. 



Here m* Ihmax is the maximal eigenvalue of the mass 
matrix X^a 771 ™- Unless there is a large cancelation 
between the mass matrix m I J a and the mass matrix 
J2byia TO i Ib i the eigenvalue max will not be much big- 
ger than the largest neutrino mass m™ ax . So, we can 
roughly constrain 



1 Mr 



< 



87T (0X0') 



(44) 



Obviously, the ordinary left-handed neutrinos v L and the 
dark left-handed neutrinos v' L will form three light Dirac 
neutrinos as their mass term is just a sum of the type-I 
Dirac seesaw and the typc-II Dirac seesaw i.e. 



(47) 



V. THE MODEL WITH GAUGE-SINGLET 
DIRAC FERMION(S) AND 

[SU(2) L x S77(2)' L ]-BIDOUBLET HIGGS SCALAR(S) 



B. Ordinary and dark lepton asymmetries 



In this sector, we will give the completed model with 
at least one gauge-singlet Dirac fermion and at least one 
[SU{2) L x 5t/(2)y-bidoublet Higgs scalar. By taking the 
notations in the previous sections, the Lagrangian involv- 
ing the fermion singlct(s) and the Higgs bidoublet(s) can 
be described by 



C 



M 



c 



FS 



c 



1.1 Li 



(45) 



As shown in Figs. [S] and [5J the lepton number con- 
serving decays of the heavy gauge-singlet Dirac fcrmions 
Nf and/or [SU(2) L x Sf7(2)^]-bidoublet Higgs scalars 
S a can simultaneously generate a lepton asymmetry in 
the [5 , t7(2) i ]-doublet leptons l L and an opposite lepton 
asymmetry in the [S't7(2)' L ]-doublet leptons l' L . The rel- 
evant CP asymmetries should be 



A. Dirac neutrino masses 

The ordinary and dark left-handed neutrinos as well as 
the gauge-singlet right-handed fermions should have the 
following mass matrix: 



C D 



E„/a<S ) y N {<t>) 
Vn>W) M N 



Nr. 



+H.c. 



(46) 



£ N. — 



^Im (^jv) y (y^J/jv')i. 
-21m [(yhf a y* N ,) 



Pa 



1 



M l 



In 1 



M Ni 

Ml 
' Ml 



M% 



(48) 
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FIG. 5: The lepton number conserving decays of the heavy gauge-singlet Dirac fermions N t — N R + Nr in the type-I+II 
Dirac seesaw scenario. If there is only one fermion singlet, the self-energy correction will not contribute to the generation of 
the lepton asymmetries in the [S(7(2) i ]-doublet leptons l L and the [5'(7(2)' L ]-doublet leptons l' L . The CP conjugation is not 
shown for simplicity. 



and 



e-p. = - 




Clearly, the vertex correction should be the unique source 
for the nonzero CP asymmetry (|48|) if there is only one 
gauge-singlet Dirac fermion. As for the CP asymmetry 
(|4"!)|) . it will not be affected by the self-energy correction 
if we only introduce one [SU(2) L x S'[/(2)^]-bidoublet 
Higgs scalar. 

Similar to those in the pure type-I and type-II Dirac 
seesaw models, the CP asymmetries (|4*5|) and (|4TJ)l can be 
simplified in the hierarchical cases, i.e. 



tm 



M 



JV, 



for M%. « M 2 N , ,M 2 , 



(50) 



l Im {Tr[K + J^b^a ™]} b ym^] } m. 



-in 



(51) 



for M£ a « Mi t , , 
and have the upper bounds given in Eqs. ([25]) and (jUJ) 



VI. PREDICTION, CONSTRAINT AND 
IMPLICATION 

The SU(2) L sphaleron processes [13] will partially 
transfer the lepton asymmetry ^ to a baryon asymme- 
try in the ordinary sector, 



28 



(52) 



On the other hand, the lepton asymmetry r\ v will result 
in a baryon asymmetry in the dark sector, 

28 



Vb 



'79X' 



(53) 



through the SU(2)' L sphaleron processes 1 . So, the cor- 
relation between the baryon asymmetries in the ordinary 
and dark sectors should be 



Vb = -Vb for Vi, = ~Vi> 



(54) 



If the dark matter relic density is dominated by the dark 
proton and/or neutron, we should have 

n B h 2 : fl DM h 2 = m p i lB : m p , (n , ) {-r 1 ' B ) = m p : m pl(nl) 
-1:5, (55) 



1 After the U(l)' em symmetry is broken, there will be a lepton 
number violating mass term of the dark right-handed charged 
leptons, i.e the <5m e , term in Eq. mil l. The U{l)' £m symmetry 
breaking and then the lepton number violation should appear 
at a lower temperature, where the SU(2)' L sphaleron processes 
have become very weak, to avoid the washout of the dark baryon 
asymmetry. 
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FIG. 6: The lepton number conserving decays of the heavy [SU(2) L x SC/(2)^]-bidoublet Higgs scalars S a in the type-I+II 
Dirac seesaw scenario. If there is only one Higgs bidoublet, the self-energy correction will not contribute to the generation of 
the lepton asymmetries in the [S(7(2) i ]-doublet leptons l L and the [5'(7(2)' L ]-doublet leptons l' L . The CP conjugation is not 
shown for simplicity. 



to fit the cosmological observations. In this case, the dark 
matter mass should be determined by 2 



V(n') 



5GeV. 



(56) 



The Big-Bang Nucleosynthesis (BBN) stringently re- 
stricts the existence of the new relativistic degrees of 
freedom. The constraint on the new degrees of freedom 
is conventionally quoted as AN U , the effective number of 
additional light neutrinos. The seven-year WMAP ob- 
servation has measured fl7| 



AN V = 1.34™(68%CL) 



(57) 



Assuming the dark charged fcrmions and the dark pho- 
ton heavy enough, we need only consider the dark lcft- 



2 The sphalcron processes in the ordinary and dark sectors could 
work at different temperatures. For example, the sphalcrons in 
the ordinary sector can keep in equilibrium till a lower temper- 
ature T sph after those in the dark sector go out of equilibrium 
at a higher temperature T h , . In Eqs. 1521 1 and II53I I. we have 
assumed all of the lepton asymmetries to be produced during the 
epoch that the ordinary and dark sphalcrons arc both active. Al- 
ternatively, the generation of the lepton asymmetries can cross 
the critical temperature T aph , . In this case, the lepton asymme- 
tries generated after the temperature T aph , can contribute to the 
ordinary baryon asymmetry but can not affect the dark baryon 
asymmetry. This is like the mechanism in the fMSM model 
for generating a large lepton asymmetry but a small baryon 
asymmetry 14811 . For a proper choice of the masses and cou- 
plings of the decaying gauge-singlet Dirac fcrmion(s) and/or 
[SU(2) L X ST/(2)^]-bidoublet Higgs scalar(s), the dark baryon 
asymmetry can be smaller than the ordinary baryon asymmetry. 
In consequence, the lightest dark nuclcon as the dark matter 
particle can have a mass bigger than 5GeV. 



handed neutrinos which form the light Dirac neutrinos 
with the ordinary left-handed neutrinos. We can esti- 
mate the decoupling temperature of the dark neutrinos 
by SI 



^/cos6»^\ 4 / (0) N 



92 /cos0 w J \W)) GfT ~ H{T) 
V100/ V 500 < 



too/ V 500 (4>)J \92/ cos0 w 



(58) 



Here G F = 1.16637 x 10~ 5 GcV 2 is the Fermi constant 



tan 9 W = — , tan Q' w = -j 
9i 92 



(59) 



are the Weinberg angles in the ordinary and dark sectors, 
while 



H(T) = 



Sk 3 9*(T) 
90 



T 



(60) 



pi 



is the Hubble constant with M PJ ~ 1.22 x 10 19 GeV being 
the Planck mass and g*(T) being the relativistic degrees 
of freedom. Obviously, the dark neutrinos can decouple 
before the BBN for a proper choice of the parameters in 
the dark sector. 

The Higgs portal will give a mass mixing between the 
ordinary Higgs boson h and the dark Higgs boson h', the 
vacuum expectation value(s) of the [SU(2) L x SU(2)' L ]- 
bidoublct Higgs scalar(s) will give a mass mixing between 
the ordinary Z boson and the dark Z' boson, while the 
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kinetic mixing between the U(1) Y and U(1)' Y gauge fields 
will give a kinetic mixing between the the ordinary mass- 
less photon 7 and the dark massive photon 7'. All of the 
h — h! mixing, the Z — Z 1 mixing and the 7 — 7' mix- 
ing can mediate a scattering of the dark nucleons on the 
ordinary nucleons. However, only the scattering induced 
by the 7 — 7' mixing can arrive at a testable level. The 
detailed studies can be found in 1271. 



VII. MIRROR SYMMETRY 

There are many parameters in our models. To reduce 
the parameters, we can impose a mirror (5lj symmetry 
under which the fields transform as 



The dark proton and neutron masses thus can be given 
by 



5GeV, m n , = 6.25 GeV. 



(67) 



In this case, the dark proton will serve as the dark matter 
particle. 

Under the mirror symmetry, the Dirac neutrino mass 
matrices (j2"2"|) , (f3T>| and (|47[) should be symmetric. Com- 
pared with the traditional type-I, type-II or type-I+II 
Majorana seesaw, our Dirac seesaw will not contain new 
parameters since the VEV in the dark sector has been 
determined by the dark matter mass. 



R > ^'l^^Li e R e Ri 



Ql Ql, d'n ^ d R : u 'r u 



(61) 



The above mirror symmetry, which is assumed to softly 
break in the scalar potential, i.e. 



will simplify the parameters to be 

9 3 = 9 3 ! 9-2 = 9 2 > 9i = 9i > V = V ' A 



(62) 



S> — ^8 ' 

^<f>8 = ^4>'S' i ^05' = ^6c/>' ) ^0E = "V'S i Vd' = Vd > 



By fixing the VEVs: 

(«£>' = 500 <«£) 



2/iV ! fa — fa i 

(63) 



(64) 



we can read the dark charged fermion masses [5J 


"V 


= 2.5 GeV 


for 


m d 


5McV, 


"V 


= 1.25 GeV 


for 


m u 


= 2.5 MeV, 


m s , 


50 GeV 


for 


m s 


= 100 MeV , 


m c , 


= 645 GeV 


for 


m c 


= 1.29 GeV, 


m b , 


= 2.095 TcV 


for 


m b 


= 4.19 GeV, 


m t , 


= 86.45 TeV 


for 


m t 


= 172.9 GeV, 


m e , 


= 0.256 GeV 


for 


m e 


= 0.511 MeV, 


"V 


= 52.85 GeV 


for 


"V 


= 105.7 MeV, 


m T , 


= 888.5 GeV 


for 


m T 


= 1.777 GeV. 



(65) 



The beta functions of the QCD in the ordinary and dark 
sectors then will yield 



'\\ TT 



A QCD ' = (7^ J ( m M m d m s) M Aqcd = 1.13 GeV 
for A QCD = 200 MeV. (66) 



VIII. SUMMARY 



In this paper we have proposed a unified picture of 
the Dirac neutrino masses, the baryon asymmetry and 
the dark matter relic density. Specifically, we con- 
sider an SU(3)' C x SU(2)' L x U(1)' Y dark sector parallel 
to the 5?7(3) c x SU(2) L x U(1) Y ordinary sector and 
then introduce three types of messenger sectors com- 
posed of the heavy gauge-singlet Dirac fermion(s) and/or 
[SU(2) L x S , J7(2)^]-bidoublet Higgs scalar(s). Through 
the type-I, type-II or type-I+II Dirac seesaw mechanism, 
the heavy fermion singlet (s) and/or Higgs bidoublet(s) 
can highly suppress the masses between the ordinary and 
dark left-handed neutrinos. So, the ordinary and dark 
neutrinos can form the light Dirac neutrinos in a natural 
way. In such Dirac seesaw context, the lepton number 
conserving decays of the heavy fermion singlet(s) and/or 
Higgs bidoublet(s) can simultaneously generate a lepton 
asymmetry in the [SU (2) L ]-doublet leptons and an oppo- 
site lepton asymmetry in the [5C/(2)^]-doublet leptons. 
Benefited from the SU(2) L and SU(2)' L sphaleron pro- 
cesses, we eventually can obtain a baryon asymmetry in 
the ordinary sector and an opposite baryon asymmetry 
in the dark sector. The lightest dark nucleon thus should 
have a determined mass about 5 GeV to serve as the dark 
matter particle. In the presence of the kinetic mixing 
between the U(1) Y and U(1)' Y gauge fields, the dark nu- 
cleons can be verified in the dark matter direct detec- 
tion experiments. By imposing a mirror symmetry, our 
models needn't more parameters than the conventional 
Majorana seesaw models. 
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